analysis of the isolated kinase domain of the insulin receptor has revealed how the activation segment can control tyrosine kinase activity. In the inactive state, Tyr1162 in the activation segment protrudes into the active site, and blocks ATP binding ( phenylalanine abrogates EphB2-mediated growth cone
ing motif. Activation of receptors such as EphB2 or As a result, the receptor undergoes intermolecular autoEphA4 is accompanied by autophosphorylation on mulphosphorylation, both on residues which regulate kitiple residues, including two tyrosines within a highly nase activity and on tyrosine residues in noncatalytic conserved juxtamembrane motif (YIDPFTYEDP in EphB2) regions of the receptor which form binding sites for and a tyrosine in the kinase activation segment (Dodelet cytoplasmic targets with SH2 or PTB domains (Pawson and Pasquale, 2000) . By analogy with other RTKs, it and Scott, 1997; Kuriyan and Cowburn, 1997) . might be expected that autophosphorylation of the actiThe activity of tyrosine kinases is frequently stimuvation segment tyrosine would stimulate kinase activity, lated by autophosphorylation within a region of the kiwhile the juxtamembrane phosphotyrosine sites would nase domain termed the activation segment (Weinnmasrecruit cytoplasmic targets. Indeed, the juxtamembrane ter et al. phenylalanine abrogates EphB2-mediated growth cone collapse in neuronal cells. However, this loss of biologilatter half of the juxtamembrane region and the entire catalytic domain was expressed as a GST fusion in E. cal activity is not due solely to a failure to engage SH2-containing targets since substitution of the juxtamemcoli and purified to homogeneity (see Experimental Procedures). The predicted boundaries of the juxtamembrane tyrosines in EphB2 and EphA4 with phenylalanine leads to a severe loss of ephrin-induced kinase activity brane region are residues 573-620, while those of the kinase and SAM domains are residues 621-892 and resi-(Binns et al., 2000).
Analysis of EphA4 in vitro kinase activity has sugdues 919-994, respectively. The EphB2 crystal structure reported here corresponds to the juxtamembrane-catagested that Eph receptor activation requires a two step mechanism involving autophosphorylation of both the lytic domain fragment in complex with AMP-PNP (␤,␥-imidoadenosine-5Ј-triphosphate). Overall, the EphB2 kinase domain activation segment and the juxtamembrane tyrosines (Binns et al., 2000). Although substitution of the structure is well ordered except for the first seven and last six amino acids, kinase domain residues 651 to 653 juxtamembrane tyrosines with phenylalanine does not influence ATP binding, the mutant protein shows a 10-connecting ␤ strands 2 and 3, and residues 774 to 796 corresponding to the kinase activation segment. Only fold decrease in its ability to phosphorylate a peptide substrate, as compared to wild-type EphA4. Here, we the adenine ring of AMP-PNP is ordered and hence the sugar and phosphate groups have not been modeled. have solved the X-ray crystal structure of the EphB2 kinase domain and juxtamembrane region in the autoinData collection and refinement statistics are listed in Table 1 , and a representative alignment of the EphB2 hibited state. In its unphosphorylated form, the juxtamembrane region adopts a helical structure that imreceptor and other protein kinase family members is provided in Figure 1 . pinges on the ordering of the activation segment and distorts the conformation of the small lobe of the kinase domain, thereby disrupting the active site. The structure Overall Description of the Autoinhibited Structure also suggests how phosphorylation of the juxtamemThe structure of the catalytic domain of EphB2 conforms brane tyrosines would relieve this autoinhibition. These to that generally observed for protein kinases, conresults indicate a novel mechanism for the regulation of sisting of two lobes, a smaller N-terminal lobe and a RTKs, which may be a target for oncogenic activation larger C-terminal lobe (Figures 2a and 2b with the juxtamembrane elements Ex1, ␣AЈ, and ␣BЈ, Depending on the splice variant of EphB2, there are displaces the forward facing N terminus of helix ␣C 29-45 juxtamembrane residues between the start of 6.8 Å upward and outward from the equivalent position strand Ex1 (Lys602) and the plasma membrane (Connor observed in IRK (Figures 3a and 3c ). Stabilizing this and Pasquale, 1995). This relatively lengthy sequence kink internally are side chain/main chain interactions makes it impossible to predict whether the autoinhibited involving Ser677 and Ser680. structure observed here would be oriented in a specific
The kink in helix ␣C places its forward projecting terfashion with respect to the inner surface of the memminus in close proximity to ␤ strands 3, 4, and 5, forming brane. a tighter interface than that observed in active IRK (Figure 3b) The close association of helix ␣C with ␤ strands 3, 4, chain atoms at the end of the g loop (Glu639 and Phe640) by approximately 3.3 Å . In addition, together with the and 5 is achieved with a local alteration to the twist of the forward projecting termini of ␤ strands 1, 2, and 3 kink in helix ␣C, the altered twist of the ␤ strands displaces the invariant glutamate and lysine side chains by that leaves the bulk of the N-terminal sheet structure unperturbed. The g loop side chain Phe640 plays a role 2.4 and 2.1 Å , respectively, relative to their positions in active IRK (Figure 3c) . As a consequence, the ability in coupling the ␤ strand movements to that of helix ␣C through a direct interaction with Phe675. The altered of the catalytic domain to coordinate the sugar and phosphate groups of bound nucleotide is compromised twist of the ␤1, ␤2, and ␤3 strand termini displace main (Figures 3a-3c) . Since the domain closure and the bulk of the N-terminal ␤ sheet structure is not perturbed, the adenine binding pocket is well formed and indeed the adenine base of bound AMP-PNP is ordered and orients in a manner similar to that in the crystal structure of active IRK. 
Steric

The Phosphoregulatory Switch
EphB2 is oriented as in Figure 2a and was generated using GRASP In EphB2, EphA4, and most likely Eph RTKs in general, (Nicholls et al., 1991) . the switch to an active state is coordinated by phosphorylation at highly conserved sites within both the juxtamembrane region and the catalytic domain. The mechaelectrostatic forces (Figure 4) . The electrostatic environnism by which phosphorylation at sites within the ment around "switch region 2" is also dominated by activation segment stimulate protein kinases is relatively negatively charged amino acids, namely Asp606, well understood (Johnson et al., 1996) and by inference, Glu611, Asp612, Glu615, and Glu619. Thus, phosphoryphosphorylation of EphB2 at Tyr788 likely promotes the lation of Tyr610 would also generate repulsive electroordering of the activation segment to a catalytically comstatic forces, which are likely essential for the expulsion petent conformation. In contrast, phosphorylation at of this residue from its binding pocket since a phosphate Tyr/Phe604 and 610 may serve to destabilize the juxtagroup could be accommodated sterically. membrane structure and cause it to dissociate from the Three other highly conserved tyrosine residues (667, catalytic domain. This would allow for a return of the 744, and 750) have been identified as in vivo phosphory-N-terminal lobe to an undistorted active conformation. lation sites in EphB2 and EphB5 (Kalo and Pasquale, The EphB2 crystal structure helps to explain how 1999). Although their roles in regulating Eph receptor phosphorylation at each of the two phosphoregulatory kinase activity are unknown, all three sites appear well sites could destabilize the juxtamembrane structure and positioned to influence the stability of the autoinhibited cause its release from the catalytic domain. The environstructure and hence Eph receptor activity (Figure 3) . For ment around each of the two switch regions is hydrophoexample, phosphorylation of Tyr667 could promote a bic, but solvent exposed, and thus could accommodate catalytically competent state by destabilizing the tight either tyrosine or phenylalanine at positions 604 and association of helix ␣C with ␤ strands 3, 4, and 5 ob-610 with little or no reorganization of the juxtamembrane served in the autoinhibited state. In addition, phosphorystructure. However, accommodation of phosphotyrolation of Tyr744 and Tyr750, which line the cleft region sine appears less tolerable due to steric and electrothrough which the juxtamembrane strand Ex1 navigates, static clashes involving the bulky anionic phosphate could amplify the effect of phosphorylation at Tyr604. group. In "switch region 1," the phosphorylation of Tyr/ It remains to be determined how Eph receptor binding Phe604 would place a phosphate group within van der to ephrins on the outside of the cell facilitates autophosWaals contact of Asp606, Pro607, and Ile681. Furtherphorylation within the cell. One possibility is that recepmore, the side chain of Asp606 dominates the electrotor ligation serves simply to raise the local concentration static environment around Tyr/Phe604 such that the inof receptor chains thereby promoting transphosphorylation. Indeed, overexpression of EphB2 in cell lines is troduction of a phosphate group would generate repulsive sufficient for constitutive receptor activation, in contrast catalytic function as measured by the spectrophotometric assay to 136% and 216% of wild-type activity in the to the ephrin-dependent activation observed in cells case of the ⌬JX1 and the ⌬JX1ϩ2 deletions, respecexpressing physiological levels of EphB2 (Binns et al., tively. A similar effect was observed for the ⌬JX1ϩ2 2000). Alternatively, the physical force of receptor clusdeletion introduced into full-length EphB2. tering may destabilize the autoinhibitory juxtamembrane Mutation of Phe608 in EphA4, which locates to helix conformation and thereby initiate receptor activation.
␣AЈ, gave very weak restoration of catalytic function. However, the variable length and poorly conserved naThis result is consistent with the variability of position ture of the polypeptide sequence connecting the trans-608 amongst the Eph receptor family members (42% membrane segment to the ordered part of the juxtaidentity). In contrast, mutation in both EphA4 and EphB2 membrane segment makes it hard to predict whether constructs of the highly conserved Pro607 (95% idenclustering through the extracellular region would impact tity), which initiates helix ␣AЈ, to Gly greatly enhanced intracellular structure. More experiments are required catalytic function in all four assays, quantitated at 122% to resolve this issue.
of wild-type activity by the spectrophotometric assay. This result is consistent with a role for Pro607, sugFunction of the EphA4 Juxtamembrane Segment gested by the crystal structure, in stabilizing helix ␣AЈ Probed by Mutagenesis by imposing conformational rigidity, or in promoting the The mechanism of autoinhibition suggested by the association of juxtamembrane and N-terminal kinase EphB2 crystal structure is consistent with previous data lobe elements through hydrophobic interactions. Simishowing that autophosphorylation on both juxtamemlarly, mutation of the highly conserved Phe620 (95% brane and kinase activation segment tyrosines is reidentity) at the terminus of helix ␣BЈ to Asp also restored quired for maximal activation. In order to test our crystalcatalytic function in the four assays tested. Phe620 is lographic findings in more detail, we have generated notable because it contributes to the hydrophobic additional site-directed mutations in the full-length mupocket into which the phosphoregulatory residue Tyr/ rine EphB2 receptor expressed in COS-1 cells and in a Phe610 binds; its substitution with Asp is predicted to murine EphA4 receptor fragment expressed in bacteria, disrupt the hydrophobic interaction with Tyr/Phe610, corresponding in content to the EphB2 construct used and to clash electrostatically with the surrounding negafor the structure determination. We have employed the tively charged groups in a manner mimicking phosphormurine EphB2 numbering scheme for all mutants generylation of Tyr610. ated. Each mutation was generated in the fully repressed
The introduction of point mutations into the kinase Tyr604/610 Phe double mutant background and was domain at the interface with the juxtamembrane region tested for its ability to restore catalytic function. The also restored catalytic function. Mutation of Ser680 mutations include a small N-terminal deletion of resi-(82% identity) to Trp in both EphA4 and EphB2 condues 599 to 606 (⌬JX1) encompassing strand Ex1 and structs gave modest restoration with the phosphorylathe first phosphoregulatory site, an intermediate N-tertion of peptide substrate being restored to 41% of wildminal deletion of residues 599 to 610 (⌬JX1ϩ2) encomtype activity. Mutation of the absolutely conserved passing strand Ex1, the first phosphoregulatory site, Gln684 (100% identity) to Trp in EphB2 resulted in a helix ␣AЈ, and the second phosphoregulatory site, and greater increase in kinase activity, as did the double a full juxtamembrane segment deletion of residues 599 mutation Ser680Trp/Gln684Trp. Both mutations map to to 621 (⌬JX all ). In addition, six separate point mutants helix ␣C and are predicted to sterically perturb the assowere generated in both the juxtamembrane region and ciation of the juxtamembrane region with the N-terminal the kinase domain (Pro607Gly, Phe608Asp, Phe620Asp, catalytic lobe. Tyr604/610Glu, Ser680Trp, Gln684Trp) that were preRobust restoration of activity was also observed for dicted to destabilize the interaction of the kinase domain the EphA4 and EphB2 mutants ⌬JX all, Tyr604/610Glu, with the juxtamembrane segment. Lastly, the ⌬JX1ϩ2 and ⌬JX1ϩ2 plus Phe620Asp, although the relative resmutation was combined with the Phe620Asp mutation toration as measured by the various assays differed to (⌬JX1ϩ2 plus Phe620Asp) and the Ser680Trp mutation a small degree. The restoration of activity by the ⌬JX all was combined with the Gln684Trp mutation (Ser680Trp/ mutant confirms that the juxtamembrane segment is not Gln684Trp). The Tyr604/610Phe double mutant and the absolutely required for kinase function, the restoration wild-type proteins were analyzed concomitantly as ref-
by the Tyr604/610Glu mutation suggests that the addierence points for the fully repressed (0%) and active tion of negative charges at positions 604 and 610 is an (100%) states, respectively. The activities of the EphA4 important component of juxtamembrane destabilization proteins expressed in bacteria were tested for their abiland the relief of autoinhibition. Lastly, the finding that ity to induce protein tyrosine phosphorylation in vivo none of the EphB2 mutants are as active as the wild-type (Figure 5a ), and to autophosphorylate and to phosphoryenzyme may indicate that these mutants have perturbed late enolase in vitro (Figure 5b ). EphA4 proteins were some aspect of the oligomerization event that is needed also tested for their ability to phosphorylate a peptide for maximal activation of the full-length receptor. substrate using a continuous spectrophotometric assay Overall, the mutagenesis results support a model for (Figure 5c ). Lastly, full-length EphB2 proteins expressed the regulation of receptor catalytic function by the juxtain COS-1 cells were tested for their ability to autophosmembrane segment shown in Figure 6 . Strand Ex1 and phorylate in vivo and to autophosphorylate and phoshelix ␣AЈ of the juxtamembrane segment contribute to phorylate enolase in vitro (Figure 5d) . the inhibitory effect on the catalytic domain, and the The two partial N-terminal juxtamembrane deletions release of these elements from their association with the when introduced into the EphA4 construct significantly catalytic domain is a requirement for catalytic activation. Physiologically, this would be accomplished by phosincreased kinase activity in all four assays, restoring phorylation at the Tyr604 and 610 regulatory sites and and/or conformation of helix ␣C. Beyond these similarities, however, the inhibitory mechanisms, including the potentially at additional sites. The strong conservation of residues involved in the inhibitory interaction sugmode of juxtamembrane association with the catalytic domain and the resulting basis for inhibition, diverge. gests that this regulatory mechanism is conserved for all Eph receptor family members.
Perhaps the most significant difference relates to the potential involvement of FKBP12 in stabilizing the inhibited structure of TGF␤R1, whereas EphB2 achieves an Comparison of Autoinhibitory Mechanisms of EphB2 and TGF␤R1 Receptor Kinase autoinhibited state independently. Nonetheless, our data for EphB2 suggest that receptor tyrosine kinases Analysis of the TGF␤R1 serine/threonine kinase has revealed a role for the juxtamembrane "GS" segment in and receptor serine/threonine kinases have in some cases converged on a related regulatory mechanism regulating catalytic activity. As with Eph receptor tyrosine kinases, TGF␤R1 kinases require phosphorylation in which the juxtamembrane region inhibits the kinase domain in the inactive state, and is potentially liberated at sites within the juxtamembrane segment for subsequent phosphorylation of target Smad proteins (Maciasto interact with downstream targets upon autophosphorylation. Silva et al., 1996). The regulatory mechanism revealed by the X-ray crystal structure of a cytoplasmic fragment of TGF␤R1 in complex with FKBP12 (Huse et al., 1999) Discussion shows some parallels to EphB2. In both structures, the intramolecular engagement of the juxtamembrane segWhy does EphB2 employ a rather complex mechanism of autoregulation, involving the noncatalytic juxtamemment induces conformational distortions in the catalytic domain that impinge on kinase function. In addition, the brane region? One possible benefit may be to block signaling activity intrinsic to the juxtamembrane seinduced distortions impact on the relative positioning 
